The interactions between water and n-perfluoroalkanes or substituted R-(ω-)fluoroalkanes used in blood substitute formulations were investigated experimentally and using ab initio calculations. The solubility of water in C 6 -C 9 perfluoroalkanes and five C 8 analogues of substituted fluoroalkanes was measured in the temperature range between 288 and 318 K at atmospheric pressure, using a Karl Fischer coulometer. From these data, the thermodynamic functions and partial molar solvation quantities such as Gibbs energy, enthalpy, and entropy were determined and compared with the interaction energies in 1:1 water-fluoroalkane complexes in vacuum, obtained using B3LYP/6-311++G(d,p). The experimental solubility data indicates a significant specific interaction between the water and the R-(ω-)substitute atom (H, I, Br, or Cl) in the fluoroalkanes.
Introduction
Most works dealing with interactions refer only to experimental or to theoretical studies. It is obvious that a strategy combining both experiment and theory improves the understanding of fundamental aspects underlying thermodynamic phenomena such as solubility, phase equilibria, and many other thermodynamic properties of increasingly complex systems, which are crucial in their technological application. Recent progress in molecular modeling and in experimental techniques allows the direct observation of molecular structures and leads to an interpretation of physicochemical properties of solutions from the standpoint of microscopic details.
The understanding of the molecular interactions in systems involving fluorocarbon (FC) compounds is essential to a wide range of technological applications. The solvation in fully or partially fluorinated liquids is of particular interest in areas such as separation methods and fluorous-phase organic synthesis, 1, 2 surfactants in supercritical solvents, 3 substitutes for chlorinated solvents, 4 environmental probes as dielectric solvents, 5 and in uranium enrichment. 6 In biomedical applications, they are used as agents for drug delivery, anti-tumural agents, diagnostic imaging agents, and as in vivo gas carriers in liquid ventilation or blood substitute formulations. [7] [8] [9] The perfluorooctylbromide and perfluorodichlorooctane are replacing the perfluorinated compounds in the formulation of artificial blood substitutes. They are currently used on the Oxygent from Alliance Pharmaceutical Corporation and Oxyfluor from Hemogen, since both allow the development of emulsions with higher concentrations of fluorocarbon compounds, thus increasing their oxygencarrying capability. 7 This wide range of applications results from the unique properties of fluorocarbons, namely, high capacity for dissolving gases, low surface tension, low viscosity, and outstanding chemical and biological inertness. 7 Despite the growing interest in fluorinated compounds applications, the understanding of their molecular interactions, their unusual and unexpected liquid-phase behavior, and their extreme physicochemical properties is still poor. [10] [11] [12] [13] [14] There are minimal data covering solubility and phase equilibrium of fluorinated compounds. 8, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] The study of water solubility is of particular interest, since the solvation properties and the molecular interactions of fluorocompounds with water are important to understand the FC-in-water or reversed emulsions formation and aging. 9, [25] [26] [27] [28] The objective of the present work is to provide experimental and theoretical information about the unlike water-FC compound molecular interactions and to evaluate the effect of R-(ω-)fluorine substitution by H, Cl, Br, and I on this interaction. For that purpose, experimental solubility data were precisely measured by Karl Fischer titration of the water in saturated fluorocarbon-rich phases, in a sufficiently large temperature range in order to allow the calculation of the thermodynamic quantities associated with the dissolution. On the other hand, ab initio interaction energies between fluoroalkanes and water were estimated to obtain the magnitude of the specific 1:1 interaction in a vacuum. The vacuum 1:1 complexes formed between water and fluoroalkanes have been studied using a B3LYP model at 6-311++G(d,p) basis set, applying the counterpoise (CP) method to correct the basis set superposition error (BSSE). The effects of the increase of the carbon chain length and the R-(ω-) substitution of fluorine by H, Cl, Br, and I were investigated and will be discussed.
Experimental Section
Materials. The chemicals used for the measurements were n-perfluorohexane (C 6 F 14 ), n-perfluorooctane (C 8 F 18 ), and nperfluorononane (C 9 F 20 ) from Fluorochem with purities verified by gas chromatography (GC) of 99.11, 98.36, and 99.18 wt %, respectively, and perfluoroheptane (C 7 F 16 ) from Apollo Scientific with a purity of 99.92 wt % (mixture of isomers). The substituted fluorocompounds 1Br-perfluorooctane (C 8 F 17 Br), 1H-perfluorooctane (C 8 F 17 H), 1H,8H-perfluorooctane (C 8 F 16 H 2 ), and 1Cl,8Cl-perfluorooctane (C 8 F 16 Cl 2 ) were acquired at Apollo Scientific presenting purities of 99.90, 97.05, 99.05, and 99.99 wt %, respectively. The 1I-perfluorooctane (C 8 F 17 I) was ac-quired at ABCR with a stated purity of 98.56 wt %. The n-heptane was from Lab-Scan with a purity of 99.34 wt %. Fluorocarbons and n-heptane were used as received without any further purification.
The water used was double-distilled, passed by a reverse osmosis system, and further treated with a Milli-Q plus 185 water purification apparatus. It has a resistivity of 18.2 MΩ‚ cm, a TOC smaller than 5 µg‚L -1 , and is free of particles greater than 0.22 µm.
The analyte used for the coulometric Karl Fischer titration was Hydranal -Coulomat AG from Riedel-de Haën.
Experimental Procedure. The purity of each compound was analyzed by GC with a Varian gas chromatograph CP 3800 with a flame ionization detector (FID). Chromatographic separations were accomplished with a Varian CP-Wax 52CB column with an internal diameter (i.d.) of 0.53 mm and equipped with Coating WCot fused silica.
The solubility of water in the FC-rich phase was determined for all the fluorocompounds in the temperature range from 288 to 318 K with a Metrohm Karl Fischer (KF) coulometer, model 831. The two phases were kept in sealed 22 mL glass vials. After an initial mixing, the two phases were allowed to rest for 24 h at the desired temperature. This period was chosen by checking that a complete separation of the two phases was achieved and no further variations in molar fractions were observed, ensuring the saturation of the organic phase by water. The vials were thermostated on an aluminum block immersed in an isolated air bath capable of maintaining the temperature within (0.01 K by means of a PID controller inserted in the aluminum block associated with a Pt 100. At least five independent FC phase extractions were performed for each compound at each particular temperature and the respective deviations determined.
Since available data in the literature for FC-water systems are scarce, [15] [16] [17] the experimental methodology was tested by comparison of the measured values of water in n-heptane with literature data, 29 at the same conditions of temperature and pressure used for the fluorocarbon compounds analysis.
Thermodynamic Functions. The dissolution of a liquid into a liquid is associated with changes in thermodynamics functions, namely, standard Gibbs energy (∆ sol G°m), standard enthalpy (∆ sol H°m), and standard entropy (∆ sol S°m) of solution, which can be calculated from the temperature dependence of the experimental solubility data. These thermodynamic functions are associated with the hypothetical changes that happen in the solute neighborhood when the solute molecules are transferred to a hypothetical dilute ideal solution where the mole fraction of solute is equal to one, and can be calculated according to the following equations: 30 where x i is the mole fraction solubility of the solute, R is the ideal gas constant, and T is the temperature at a constant pressure, p.
The integration of eq 3, assuming that ∆ sol H°m is temperature-independent, as was already verified for the solubility of water in normal alkanes from C 7 -C 12 by calorimetric results, 31 leads to eq 4 used for the correlation of experimental data, as shown in Figures 1 and 2 . In the temperature range from 285 to 318 K, the calculated standard molar enthalpy of solution is temperature-independent.
Furthermore, the standard molar enthalpy of solution, ∆ sol H°m, can be split into two contributions: the standard molar enthalpy of vaporization of the solute, ∆ l g H°m, and the standard molar enthalpy of solvation, ∆ svt H°m and it is possible to determine the enthalpy of solvation of a system knowing the enthalpy of solution from experimental solubility data and using the enthalpy of vaporization of the solute.
The standard molar Gibbs function of solvation, ∆ svt G°m(T), can be derived for a temperature T using the hypothetical reference state for the water, in the gas phase and at the standard pressure p°) 10 5 Pa. 
where p(s2, T) is the vapor pressure of the solute at the temperature T and p°is the standard pressure of 10 5 Pa. The thermodynamics functions presented above deal with solvation at a macroscopic level, while the solvation is a molecular process, dependent upon local, rather than macroscopic, properties of the system. Another approach to define a standard state could be based on statistical mechanical methods as proposed by Ben-Naim. 32 The changes that occur in the solute neighborhood during the dissolution process due to the transfer of one solute molecule of water from a fixed position in an ideal gas phase into a fixed position in the organic solvent fluid, at a constant temperature, T, and constant pressure, p, with the composition of the system unchanged, are represented by the local standard Gibbs energy, ∆ svt G m / , the local standard enthalpy, ∆ svt H m / , and the local standard entropy, ∆ svt S m / , of solvation. 32-34 These local standard thermodynamic functions were determined as follows:
where V m is the molar volume of the solvent and R is the isobaric thermal expansibility of the solvent derived from experimental density data. [35] [36] [37] [38] [39] [40] [41] Results Experimental Data. The experimental method was validated by measuring the water solubility in n-heptane. Table 1 reports the solubility for water in n-heptane at several temperatures and the respective standard deviations. To evaluate the accuracy of the experimental technique used, the solubilities of water in n-heptane were compared with literature values. A good agreement with the correlation of different experimental literature data reported by Tsonopoulos 29 was achieved. The solubility mole fraction values presented in this work have standard deviations inferior to 4% relative to the literature values.
The solubility of water in the C 6 -C 9 n-perfluroalkanes and in the substituted n-fluoroalkanes (C 8 F 17 H, C 8 F 16 H 2 , C 8 F 16 Cl 2 , C 8 F 17 Br, and C 8 F 17 I) was measured from 288 to 318 K at atmospheric pressure. Experimental values for the solubility of water in the studied n-perfluoroalkanes and substituted nfluorooctanes and the respective standard deviations are reported in Table 1 and presented in Figures 1 and 2 , respectively. It should be noted that the solubility of water in n-heptane is higher than in the fully fluorinated FCs, even though the latter have smaller surface tensions and larger molar volumes. It can be seen that the water solubility in n-perfluoroalkanes is strongly dependent on the temperature and only weakly dependent on the number of carbons. The solubility of water in the R-(ω-)-substituted fluorocarbons increases with the inclusion of the heteroatoms, according to the sequence F < Br < (Cl) 2 < I < H < (H) 2 , reaching an increase of 1 order of magnitude with the inclusion of one or two hydrogen atoms or one iodine atom. The water solubility in R-(ω-)substituted fluorocarbons increases with the decreasing electronegativity of the heteroatom due to the formation of a dipole that enhances the interactions with polar molecules such as water. The apparent exception of the chlorinated fluoroalkane is due to the disubstitution that enhances the water solubility, as also happens with the introduction of two hydrogens in fluorooctane compared to the single substitution. Although not performed due to the commercial nonavailability of the C 8 F 17 Cl, it is safe to assume that the water solubility in this compound would be inferior to the solubility in C 8 F 17 Br. These results also explain the enhanced stability of the perfluorooctylbromide and perfluorodichlorooctane emulsions and why these compounds are replacing perfluorooctane in blood substitute formulations.
To calculate the associated thermodynamic functions of solution, eq 4 was used to correlate the temperature dependence of the solubility data for the studied systems. The fitted A and B parameters as well as their standard deviations are reported in Table 2 . 42 The conventional standard molar enthalpy, Gibbs energy, and entropy of solution are reported in Table 3 . From the experimental entropies of solution of water in the n-perfluoroalkanes, a small entropic increment of +1.4 J‚K -1 ‚mol -1 per carbon number (CN) can be derived. This entropic increment per CN produces a small contribution to the increase in the solubility per CN in the n-perfluoroalkanes.
The conventional standard molar enthalpies of solvation, ∆ svt H°m, were derived using the reported 43 43 .99 kJ‚mol -1 , and the Ben-Naim standard quantities of solvation were derived using the molar volume and the isobaric thermal expansibility of the solvents derived from experimental density data. [35] [36] [37] [38] [39] [40] [41] The conventional molar enthalpy of solution of water in n-heptane obtained in this work, (34.9 ( 0.5) kJ‚mol -1 , is in excellent agreement with literature calorimetric measurements reported to be (34.9 ( 1.1) kJ‚mol -1 at 298 K. 31 The standard molar enthalpies of solution of water in the n-perfluoroalkanes also do not show any dependence on the carbon number and are somewhat higher in n-perfluoroalkanes than in the respective n-alkanes with a value of (39.3 ( 0.2) kJ‚mol -1 . A significant decrease in the standard molar enthalpy of solution of the water in R-(ω)-substituted n-fluorooctanes was observed when compared with n-perfluorooctane. This indicates that less energy is necessary to supply for the solubility of H 2 O in a substituted fluoroalkane than to the respective perfluroalkane compound. This effect is best visualized using the Ben-Naim local standard thermodynamic functions of the solvation of water at 298.15 K. The Ben-Naim local standard Gibbs energy, enthalpy, and entropy changes along with the molar volume, the thermal expansion coefficient, and the surface tension of the liquids at 298.15 K are reported in Table  4 . [35] [36] [37] [38] [39] [40] [41] [44] [45] The uncertainty interval quoted is the standard deviation of each independent function determination. 42 Although the values reported show that, under the Ben-Naim local standard functions, the Gibbs energy change of solvation is always negative, and thus the solvation process is spontaneous, for the perfluoroalkanes this value is very small and close to zero compared with the values reported for the alkane and the substituted fluoroalkanes. This shows that the interactions between the perfluorocarbon and the water are negligible compared to those observed in the alkanes 46 and substituted fluoroalkanes. The Ben-Naim standard enthalpies of solvation show that the solvation is favorable because the enthalpy changes overwhelm the entropy changes. From their values, it is still more apparent that a strong interaction between the water and the substituted fluoroalkanes exists, in opposition to what can be observed for the perfluoroalkanes where this interaction is very small. The values observed for the n-heptane, in good agreement with those of Graziano, 46 show that for the alkanes a significant interaction between the water and the alkane molecule appears. This is removed by the replacement of the hydrogen atoms for the more electronegative fluorine in perfluoroalkanes and reinforced by the replacement of a fluorine by a less electronegative atom in the substituted fluoroalkanes.
The following order was observed for the local standard molar enthalpies of solvation:
On the basis of the experimental standard molar or on the local standard molar enthalpies of solvation, it can be observed that the replacement of an R-(ω-)fluorine by another atom leads to stronger enthalpic interactions between the fluorinated compound and water, increasing the standard molar enthalpies of solvation by -10 to -15 kJ‚mol -1 . A difference of about 10% in the molar enthalpy of solvation of water in the R-(ω-)-substituted n-fluorooctane, C 8 F 16 H 2 , was noticed when compared with the monosubstituted fluoroalkane C 8 F 17 H.
In accordance with the expected entropy decrease associated with the 1:1 specific interaction, the substituted n-fluorooctanes have significantly higher negative values for the molar entropies of solvation of water, ∆ svt S°m and∆ svt S m / , than the n-perfluorooctane, as a consequence of the decrease of degrees of freedom in the two interacting molecules. The entropy of the solvation of water in C 8 F 16 H 2 is of the same order of magnitude as the monosubstituted C 8 F 17 H, indicating identical solvation interactions in the mono-and disubstituted fluoroalkanes. Ab Initio Calculations. Ab Initio calculations were performed in order to evaluate the magnitude of the interaction energies between fluoroalkanes and water. The complexes formed between water and fluoroalkanes have been studied in a 1:1 interaction model in the gas phase. This information was found to be very useful to understand and support the proposed interpretation of the experimental data. Gaussian 03W program package revision B.03 47 was used in all the calculations. The molecular structures were fully optimized at the B3LYP/6-311++G(d,p) level of theory. The basis set superposition error (BSSE) correction was estimated by the counterpoise (CP) calculation using the COUNTERPOISE option as implemented in Gaussian 03W. All the geometries have been fully optimized without constraints at the same level of theory. Figure 3 shows the calculated optimized geometry for the gas-phase 1:1 complex between C 8 F 18 and H 2 O. This structure is representative of all the n-perfluoroalkane-water complexes studied in this work. Note that the oxygen atom of the water molecule is turned to the interspaces of the perfluorocarbon molecule, as shown in Figure 3 . The dihedral angle (162°) defined by the carbon atoms in the n-perfluoroalkane complexes with water is essentially identical to the same dihedral angle obtained in the n-perfluoroalkanes alone, showing that the geometries of the n-perfluoroalkanes are essentially not disturbed in a 1:1 interaction in the gas phase.
These calculations have also been performed for monoderivatives of n-perfluorooctane, (C 8 F 18 ) , namely, C 7 F 15 CF 2 H, C 7 F 15 CF 2 Cl, and C 7 F 15 CF 2 Br. As the iodine atom is out of the range of the basis set used, the C 7 F 15 CF 2 I was not considered in the calculations. A schematic view of the molecular structures of the different water-fluoroalkane complexes is depicted in Figure 4 . Contrary to the calculated geometry for n-perfluoroalkane-water complexes, where the oxygen atom of the water molecule is turned to the interspaces of the fluorocarbon molecule, in the C 7 F 15 CF 2 X (H, Cl, Br) to H 2 O complex, the interaction takes place between the oxygen atom of the water molecule and X (H, Cl, or Br) of the perfluorocarbon monoderivatives. Table 5 lists the results obtained for the distances between the oxygen atom of the water molecule and the substituted atom in the fluoroalkanes (C 7 F 15 CF 2 -X, H, Cl, and Br) together with some selected atomic charges, performed by Mulliken population analysis, for the n-perfluoroctane and the substituted n-fluorooctanes. The substituted atom in the substituted fluoroalkanes (H, Cl, and Br) exhibits positive charge distribution. This seems to be due to the high electronegativity of the fluorocarbon vicinity and contributes to the observed position and interaction of the water molecule with the substituted atom (H, Cl, Br) in the fluoroalkanes.
Gas-phase, 1:1 complex interactions, E int , between water and perfluoroalkanes and fluoroalkanes have been calculated according to the following equation:
where E H2O , E monomer , and E complex are the total energies obtained, respectively, for the water, for the n-perfluoroalkanes or substituted n-fluoroalkanes, and for the 1:1 water to perfluoroalkane or water to substituted n-fluoroalkane complexes in the gas phase at the B3LYP/6-311++G(d,p) level of theory. The BSSE correction was included in the complex total energy, E complex .
The total energies obtained for the compounds studied (perfluoroalkanes, from C 2 F 6 to C 9 F 20 , the fluoroalkanes C 8 F 17 H, C 8 F 17 Cl, and C 8 F 17 Br, and n-heptane) are reported in Table 6 .
For n-perfluoroalkanes, only a very weak interaction (0.4 to 0.6) kJ‚mol -1 between the H 2 O and the n-perfluoroalkane molecules, ranging from C 2 to C 9 , was observed. As obtained from the experimental data reported in Tables 3 and 4 , no dependence of the energies of interaction on the chain length was observed.
For the R-substituted fluoroalkanes, both the optimized molecular structures for the complexes shown in Figure 4 and the derived interaction energies, E int , reported in Table 6 indicate the existence of an important interaction between the water molecule and the substituted atom (H, Cl, or Br) in the 1:1 complex. Due to the dipole generated and the positive charge that appears at the substituted atom (H, Cl, or Br), the interaction will take place between this atom and the oxygen of the water molecule. The calculated interaction energies for the R-(ω-) substituted fluoroalkanes are -7 to -17 kJ‚mol -1 higher than for the respective perfluoroalkane where no significant interaction is observed, as shown by the very low values of E int obtained. For n-heptane, an E int with an intermediate value between those observed for the perfluoroalkanes and their substituted counterparts was estimated as reported in Table 6 . These results are in good agreement with those observed experimentally and reported in Table 4 .
Discussion
The experimental solubility data for the solvation of water in fluorocompound solvents indicates that the process is spontaneous under the Ben-Naim standard conditions, due to the negative standard local enthalpy change, as can be seen in Table 4 . For the perfluoroalkanes, the low values of local Gibbs energy and enthalpy change of solvation indicate a negligible interaction between water and these molecules, while the higher values observed for the substituted perfluoroalkanes indicate that some favorable interactions are present. For n-heptane, an intermediate value of the local interaction enthalpy shows that a favorable interaction between the alkanes and water exists. 46 From Table 4 , it can be seen that the negative standard local enthalpy follows the general trend observed, for the increase of the water solubility indicating that this interaction is driving the solubility.
The calculations performed using the 1:1 energetic interactions in the gas phase were found to be in good agreement with the values of molar enthalpies of solvation derived from the experimental solubility data. The calculated values for the interaction energies support the observation of the experimental data that the replacement of a fluorine atom by another halogen or by hydrogen creates a dipole with a positive charge on the new atom that increases the interaction between the solute and the solvent, thus strongly enhancing the solubility of water on the fluorinated compounds.
The substituent effect in the water solubility in n-perfluoroalkanes is driven by the change of the standard local molar enthalpy of solvation of water in the substituted n-fluoroalkanes. The increase, relative to the perfluorooctane, on the stabilization energy obtained for the gas-phase interaction between water and R-substituted n-fluorooctanes using ab initio methods is in good agreement with the increase observed for the local standard molar enthalpies of solvation. This indicates that the interaction between the water molecule and the substituted atom (H, Cl, or Br) in the n-fluoroalkane has a major contribution to the overall solvation process explaining why the brominated or chlorinated fluoroalkanes are superior to the corresponding perfluroalkanes in blood substitute formulations. There is a general increase of 1 order of magnitude from the fully perfluoroalkanes to the substituted fluorooctanes both from the 
ab initio calculations and from the standard local enthalpy of solvation. The ab initio calculations also show evidence for the favorable interaction between water and n-heptane with the formation of a weak interaction between the hydrocarbon and the water as suggested by Graziano 46 using the Ben-Naim local standard thermodynamic properties derived from the experimental solubility data. The experimental data for the Ben-Naim local standard enthalpy of the perfluoroalkanes are in close agreement with the results obtained from the ab initio calculations. However, a slight difference appears in the substituted fluoroalkanes, that may result from the assumption of the 1:1 interaction in the gas phase made in the ab initio calculations and the actual situation in the liquid phase with a much larger coordination number, where some small structural reorganization of solvent molecules upon the insertion of a water molecule may occur, as indicated by the Ben-Naim local standard entropy.
Conclusions
Original data for the solubility of water in linear fluoroalkanes used in blood substitute formulations at temperatures ranging between 288 and 318 K and at atmospheric pressure are presented. The temperature range studied allows the derivation of several thermodynamic properties characteristic of the dissolution process that up to now had not been directly determined. The solubility of water within these compounds is fairly insensitive to the carbon number but strongly influenced by the temperature, as a result of the high positive enthalpy of solution.
The water solubility in the R-(ω-)substituted n-fluoroalkanes was observed to be higher than in the respective n-perfluoroalkanes. The substitution of an R-(ω-)fluorine creates a dipole that increases with the difference in electronegativity between the substitute atom and fluorine. The enhanced polar interactions between the fluoroalkane and water lead to a higher water solubility in the R-(ω-)substituted n-fluoroalkanes.
